Abstract. Geochemical analyses of coral skeletons are increasingly used to estimate past sea surface temperatures (SSTs). In this paper we suggest that the standard method of calibrating geochemical time series against a (usually short) local time series requires modification. In order to draw large-scale inferences about climate from coral proxy data it is also necessary to (1)calibrate against larger fields such as the local gridded data sets and (2) validate results against an independent data set (e.g., early 20th century). This approach has been applied in a pilot study to a coral record from New Caledonia. Despite a high •5180 correlation (r = -0.88) with the in situ and gridded SST data sets, estimated early 20th-century temperatures are more than 1.5øC colder than observed if the standard seasonal calibration is used. Regression against mean annual temperatures, which has a different slope relation, yields better estimates of early 20th-century SSTs. However, testing of a Sr/Ca record from New Caledonia yields better agreement with early 20th century SSTs. Routine validation exercises for other coral sites are necessary to clarify the robustness of geochemical coral proxies as estimators of past environmental change.
Introduction
In the past few years there has been a great deal of interest in the use of corals as paleoenvironmental indicators. Much of this interest has stemmed from the potential to retrieve information on fluctuations in tropical oceans prior to development of the instrumental network. Some corals have also been used to estimate sea surface temperature (SST) in the tropics for the Pleistocene [Beck et al., 1992 [Beck et al., , 1997 Guilderson et al., 1994; McCullough et al., 1999] , with results suggesting SSTs-5ø-6øC cooler than present, significantly colder than those estimated by Climate: Long-Range Investigation, Mapping, and Prediction (CLIMAP Members) [1981] . These results, if verified, have substantial implications for the estimation of climate sensitivity [Crowley, 1994] .
To estimate paleotemperatures, most recent studies have calibrated monthly geochemical data against the seasonal cycle of temperatures, usually at a nearby station or in situ thermometer. Such correlations are often quite impressive [e.g., Beck et al., 1992; Dunbar et al., 1994; Quinn et al., 1996] . However, these time series are often short. We maintain that there are two important additional steps that must be taken to validate coral calibrations' (1) in order to draw large-scale inferences about a coral site, it is necessary to demonstrate that the coral correlates well against larger-scale SST fields such as the local gridded SST data set. Such comparisons also In this paper we demonstrate that scaling a coral /5180 record up to a local grid box and validating it against an independent data set can lead to some surprising results, namely, that a record that has a very good seasonal calibration yields incorrect estimates of early 20th century SSTs. A different 15180 calibration at mean annual timescales yields a better estimate of SSTs. Although we focus on a coral record fi'om New Caledonia ] as the target for our investigation, we have tested our result against two other coral records, with similar conclusions. We also examine Sr/Ca calibrations from the New Caledonia coral to determine whether results are sensitive to the particular geochemical proxy employed. We close with some preliminary discussion of possible factors responsible for the observed trends and the potential signifi-_ cance of results to prior coral-based estimates of SSTs.
2.Methods
A large coral head (Porites lutea) was drilled in 3 m of water near Amedee Lighthouse, New Caledonia (22øS, 166øE) in June 1992 and has been extensively described elsewhere [ Quinn et al., 1996 Quinn et al., , 1998 ]. [Erez and Luz, 1983] , and one purpose of this paper is to compare our SST predictions with previous approaches using the same methodology. occurrence). We interpret these results as indicating that although prediction of mean annual temperatures for individual years may have some degree of uncertainty, the mean annual approach retrieves good estimates for longer term changes in mean annual temperature. The above result suggests that there may also be some problems with the Sr/Ca paleothermometer. To further evaluate this issue, we determined St/Ca ratios on samples from our New Caledonia coral for two 10-year segments from the early and late 20th century. We employed the technique and the Sr/Ca-SST calibration developed by Quinn and mean annual slopes for the ;S180-SST relationship? In this section we attempt a start at answering some of these questions. However, we cannot provide definitive answers; the problems require more work. This lack of a full explanation does not undermine the observation that the seasonal calibration for ;5180 simply does not work for New Caledonia, nor the assertion that it is essential to calibrate coral measurements against gridded data sets and validate against an independent data set.
Results From Two Other

Growth Rate Assessment
The estimated seasonal and mean annual temperatures are unlikely to be strongly influenced by growth rate changes in the coral ] because: (l) there is a low correlation between 6180 and growth rate (0.37), suggesting that only 14% of the variance in the former can be explained by growth rate changes; (2)a recent study [Leder et al., 1996] suggests that growth ra•e c•ges may be less important than originally proposed [McConnaughey, 1989] Glacial Maximum (LGM)) when the basic state of the climate system is different.
There is a critical difference in methodology between our approach and that of Weber and Woodhead [1972] . They regressed their "core-top" coral data against a spatial array of mean annual data, whereas we regress in time for an observation at one point. Which is more appropriate? One possible consideration is that the critical question in determining the slope of the regression line is not that of seasonal versus annual calibrations, but the range over which the calibration is taken. A number of data points taken across the Pacific Basin form an ensemble in the statistical sense in that a large range of temperatures and isotope ratios are sampled. Twelve months of measurement at a site with a strong seasonal cycle samples roughly the same set of temperatures and ratios. Thus the two calibrations should agree. Calibrations based on annual means at a single point, however, sample a different range and need not be expected to give the same linear fit as samples over larger ranges. It may therefore be reasonable that the annually the seasonal calibration but not the annual calibration at one site. We offer this suggestion as a speculation rather than explanation, but our failure to provide a full explanation for the differences does not detract from our observation that the Weber and Woodhead [1972] regression does not work well when tested against independent data. lations are obtained for a calibration and that there may be a cyclical nature to the overprint that could conceivably be addressed with additional statistical methods (e.g., cyclostationary statistics). Sheri et al. [1996] indicate that there may also be some influence of salinity changes on Sr/Ca. Another truism that is necessary to recall is that the isotopic and elemental partitioning between coral aragonite and seawater is biologically mediated and that this partitioning is different from aragonite that is inorganically precipitated from seawater. Mean fi180 values for corals are often 4.09/oo different (about 12øC according to the standard calibration) than the expected value for aragonite inorganically precipitated fi'om seawater. Strontium Concentrations in scleractinian corals are about a factor of 8 greater than in aragonite inorganically precipitated from seawater, and some of the Sr in corals is in the form of strontianite [Greegor et al., 1997] . The cause(s) of such geochemical differences between biotic and abiotic aragonite is poorly understood, has long been folded under the rubric "biological fractionation," and has been accompanied by the usually unstated assumption that this offset does not vary with time. In fact, we have no a priori guarantee that the "biological blackbox,' will function the s,__me way as pre sent under altered boundary conditions. This might be particularly true for ice age proxy estimates (see below).
Although we may not fully understand how physical (and perhaps biotic) factors affect the incorporation of tracers into coral skeletons, the fact that they do (or could) introduce noise into the relationship between a measured geochemical variable and an observed SST can be explored in a general way by conducting a simple analytic investigation of artificial time series constructed to mimic temperature and proxy variations and how their relationship varies as a function of noise. We assume that both temperature and proxies can be represented by the sum of a seasonal cycle term, a long-term variation Given these time series, one can employ simple formulae [Newland, 1993] 
Concluding Remarks
Several points can be made from our study: (1) it is necessalt to calibrate coral records against regional gridded data sets; (2) it is necessary to validate against an independent data set from the early 20th century; (3) despite a high correlation over the calibration interval the seasonal b180 calibration substantially overestimates early 20th-century SST changes; salinity changes may be responsible for this drift even in a record with very high correlations over a calibration interval; (4) early 20th-century Sr/Ca SST estimates are supported for New Caledonia, but evidence from the Great Barrier Reef indicates the need for further testing at other sites; and (5) the assumption of stationarity for Sr/Ca for ice age level applications may not be valid as SSTs 5ø-6øC colder than present should result in significant ecological stresses, thereby potentially affecting biological fractionation. Although more testing and analysis of discrepancies are needed belbre the issues discussed herein can be completely verified and understood, even at its present state, the need for increased valida.-tion is evident. The validation strategy can also be applied to other faunal groups. For example, foraminiferal proxies in varved records and mollusc samples from museums could be validated against early 20th century SST observations.
